In the past 25 to 30 years echocardiography has become a basic examination in clinical cardiology. Thus, it is becoming increasingly necessary for clinicians to be able to utilize it intelligently. Like all medical procedures echocardiography has advantages and limitations, and physicians need to know both. Some of the limitations are being minimized with advances in examination techniques and instrumentation, but many still exist. One limitation is that the ability to satisfactorily educate and
History of Echocardiography
Echocardiography has come a long way since investigators first considered examining the heart with ultrasound more than 30 years ago. Keidel (1) is credited with being the first investigator to examine the heart ultrasonically. He transmitted ultrasound through the chest and recorded those sound waves that arrived on the other side in much the same way as we use the conventional X ray. He was trying to calculate cardiac volumes using the technique of "through transmission" ultrasound. This ultrasonic approach was essentially abandoned, but interest in it has been renewed with the advent of computer technology. One can now obtain an ultrasonic image of the heart much as one obtains a computerized tomogram using X rays.
Echocardiography as we know it today is principally based on the detection of reflected ultrasound rather than "through transmission" ultrasound. The reflected technique is basically an adaptation of sonar used for detecting underwater objects and for nondestructive testing in industry. The first investigator to use reflected ultrasound to examine the heart was the physicist Helmuth Hertz, whose father was working for Siemens Corporation and had access to a comFrom the Krannert Institute of Cardiology. Department of Medicine. Indiana University School of Medicine. Indianapolis. Indiana. This study was supported in part by the Herman C. Krannert Fund. Indianapolis. Indiana; Grants HL-06308 and HL-07182 from the National Heart. Lung. and Blood Institute. National Institutes of Health. Bethesda, Maryland; and the American Heart Association. Inc .. Indiana Affiliate. Indianapolis. Indiana.
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[;' ) 1983 by the American College of Cardiology train persons in the various ultrasonic techniques has not kept pace with the worldwide popularity of the examination. As a result, quality control will remain a problem at least in the immediate future. New developments in echocardiography as invasive and noninvasive tools are exciting and indicate that ultrasonic examination of the heart should play an increasingly important role in clinical cardiology.
mercial ultrasonoscope being used in industry. At the time many investigators were using similar instruments to examine various organs of the body. Hertz thought it would be interesting to examine the heart in this fashion and he convinced a cardiologist, Inge Edler, to examine the heart of some of his patients. This collaboration in Lund. Sweden. was probably the true beginning of echocardiography or "ultrasound cardiography." (2) as it was then called. Other investigators (3.4) in Europe began examining the heart with ultrasound soon thereafter. Although they noted several pathologic conditions and described many echoes from various parts of the heart, at that time echocardiography was principally applied to detecting mitral stenosis by assessing the diastolic E to F slope (5) .
By the early 1960s European interest in echocardiography or ultrasound cardiography had essentially disappeared. No new investigators were involved and the productivity of the early workers decreased dramatically. Soon thereafter a few investigators in the United States began to experiment with the technique of reflective ultrasound to examine the heart (6-8). The commercial instruments available were built primarily to examine the midline of the brain. which was then the principal diagnostic application of ultrasound. The display was the" A-mode" presentation whereby the reflected echo appeared as a spike on the oscilloscope. Any echo caused by a moving structure of the heart would be demonstrated as a moving spike on the oscilloscope. To better record the motion. the" A-mode" or spike was converted to a bright dot or "B-mode." The oscilloscope was then swept to introduce time. This "slow sweep" or "M-mode" then became the standard method of recording ultrasonic images of the heart. T p
Development of M-mode technique.
The early echocardiographs were insensitive and the sources of many of the ultrasonic signals were poorly understood. For these reasons, only echoes from strong reflective interfaces, such as the anterior mitral leaflet and the posterior wall of the heart, were recorded. The technique that generated some interest in the United States was that used to detect pericardial effusion (8) . Figure I shows an echocardiogram, obtained in the 1960s. from a patient with pericardial effusion. On the A-mode oscilloscope, the echo labeled PW was moving with cardiac action. The motion was better displayed on the "slow sweep" or "M-mode" (Fig. IB) . Figure 2 . another early echocardiogram, indicates how one identified a patient with a dilated heart and no pericardial effusion. In this study a single, poorly moving echo is noted in the vicinity of the posterior wall of the heart. From these early beginnings, echocardiography made steady progress. First, the number of investigators showing an interest in echocardiography began to grow. slowly at first, then rapidly during the late 1960s and early 1970s. Second, more parts of the heart were recognized echocardiographically. The discovery was made that an intracardiac injection of almost any liquid would produce a cloud of echoes that could be recorded echocardiographically, and thus contrast echocardiography was developed. This technique immensely increased our ability to identify what we were seeing on the echocardiogram (9) . As a result, we were able to improve our examining techniques. We fearlessly began increasing the gain and recording echoes that now had some clinical meaning. Last, there was an obvious dramatic improvement in instrumentation. Both investigative physical scientists and commercial companies began to concentrate more effort on the development of better echocardiographic instruments once interest began to grow. With the advent of strip chart recorders. the M-mode echocardiogram quickly evolved into a tracing such as that shown in Figure 3 . We learned how to move the ultrasonic beam or to create an M-mode scan so as to record the various parts of the heart on one recording. Thus. as the instruments improved. new examining techniques were developed, the record ings became better and the amount of clin ically useful inform ation increased .
Development of two-dimensional techniques. The development that dra stically changed echocardiography was two-dimensional echocardi ography, sometimes called " real- time " or "cross-sectio nal" echoca rdiography (l 1.l2L By rap idly moving the ultrasonic beam using either a mechanica l (12.1 3) or an electro nic, phased array (14) sys tem. one can obtain slices or tomograms of the heart using ultrasound . are from patients with primary myocardial disease. In the early 1960s ( Fig. 2) we were satisfied when an echo from the back wall of the heart suggested that the wall was not moving very well and was a large distance from the transducer (15) . Nearly 20 years later (Fig. 5) we have a detailed spatially correct recording of the heart. In this recording from a patient with amyloid heart disease one can appreciate the thickness of the walls, the size of the chambers and the thickened valve leaflets and septa. In addition, one can detect some stippling of the myocardial echoes, which is compatible with the infiltrative cardiomyopathy of this patient.
Development of Doppler recording technique.
The history of echocardiography is not limited to M-mode and two-dimensional techniques. A concurrent history exists for the Doppler technique of obtaining ultrasonic information from circulating blood. In the mid 1960s, investigators began using the Doppler technique to detect occlusive disease in the peripheral vessels (16) (17) (18) . This technique utilized relatively inexpensive ultrasonic devices using continuous wave ultrasound, and this basic approach has remained virtually intact over the years. Continuous wave Doppler recording is a key technique in the noninvasive analysis of peripheral artery disease. Several investigators have also used it to examine the heart (19) (20) (21) . With it. one could detect changes in the velocity of blood flow within the heart in patients with valvular heart disease. One also could record from the thoracic aorta a Doppler signal that provided information concerning hypertrophic obstructive cardiomyopathy, aortic regurgitation and other conditions (22, 23) .
In addition, investigators have tried to use the Doppler technique to measure flow within the aorta and possibly cardiac output (24, 25) .
Combined Doppler and echocardiographic techniques. The two histories of echocardiography merged with the development of pulsed Doppler recording (26) . By pulsing the Doppler transducer, it became possible both to record the Doppler signal and to create a reflected image using Mmode or two-dimensional echocardiography. With the advent of combined Doppler examinations and ultrasonic imaging, investigators began exploring the blood flow patterns within the heart and great vessels (27) (28) (29) . Pulsed Doppler recording is still in the relatively early stages of development. Its clinical utility is gradually increasing and the technique is under intense investigation. As one might expect, the Doppler examination is proving to be valuable for the detection of intracardiac shunts (30) , and has thus been more popular among pediatric echocardiographers than in the adult cardiology laboratories.
Current Status of Echocardiography
To one who has lived and worked through most of the history of echocardiography, the current worldwide acceptance of this diagnostic tool is indeed gratifying. The various echocardiographic examinations now play an important role in almost every aspect of clinical cardiology. The table of contents of a textbook on echocardiography is almost identical to that of a textbook on clinical cardiology. In many clinical situations, such as valvular heart disease, congenital heart disease, cardiomyopathies, pericardial effusion and intracardiac masses, echocardiography is the procedure of choice for making a definitive diagnosis. In other situations, the echocardiographic information may be indirect and less specific but may add significantly to the overall clinical picture and the management of the individual patient.
Advantages. There are many obvious reasons for the popularity and general acceptance of echocardiography. First. it is a truly noninvasive approach and, except for contrast echocardiography, does not even require an intravenous in-J AM rou, CARDIOl 19H3: 1 216-2-1 FEIGE:\BAL~l jection. The examination is completely painless and thus has excellent patient acceptance. To the best of our knowledge, the biologic effects of ultrasound at the energy levels used for diagnostic purposes are extremely small and no untoward reaction has ever been reported with routine diagnostic echocardiography. Thus, the examination appears to be extremely safe and avoids even the minimal hazard of ionizing radiation. Another advantage is that in these days of great concern about rising medical costs, echocardiography is less expensive than the various other new, sophisticated imaging techniques. Its cost is roughly half that of any nuclear imaging study and approximately onetenth the cost of any invasive angiographic examination. The ultrasonic technique will undoubtedly continue to be less costly than any of the newer examinations, such as digital vascular imaging, positron emission tomography, nuclear magnetic resonance or cardiac imaging with computer tomography.
Clinical application. The widespread popularity of echocardiography makes it vitally important for all clinicians treating patients with heart disease to have a good understanding of what echocardiography can and cannot do. Because echocardiography was only recently introduced into educational programs, most practicing clinicians did not study the technique during their formal training and have had no firsthand experience with it. Under these circumstances, the examination can be both underutilized and overutilized. Some older physicians who recall many previously heralded but disappointing diagnostic techniques, such as ballistocardiography and to some extent vectorcardiography, remain skeptical of new examinations, including echocardiography. They will probably not learn enough about echocardiography to become comfortable with it and thus will never utilize it in its most efficient manner. Other physicians will use it incorrectly as a screening tool for all patients with known or suspected heart disease. Many noncardiologists will mistakenly order an echocardiogram in lieu of a cardiology consultation.
The improper use of echocardiography can be very expensive from the point of view of both patient management and overall medical costs. Physicians who underutilize echocardiography may needlessly subject their patients to more costly, more hazardous examinations. Or they may miss an important cardiac diagnosis and thus mismanage the patient. Physicians who overutilize the examination may unnecessarily contribute to rising medical costs.
Although most echocardiographic laboratories are in hospitals, the technique is an ideal outpatient test. In fact, as the instruments become smaller and less expensive. one can anticipate that more echocardiograms will be performed in physicians' offices. This approach should result in increased efficiency. Unfortunately, because the current medical reimbursement system pays preferentially for procedures and tests, there will be a tremendous temptation to overuse the examination once the echocardiographs are in doctors' offices. If such abuseoccurs, we willall sufferthe consequences.
Limitations of Echocardiography
Educational problems. Echocardiography has many well recognized limitations. Ultrasound does not travelwell through bone or air-containing lung; thus the examination must be performed with some skill to avoid those areas of the chest that will not permit adequate imaging of the heart. This requirement poses two problems. First, the examination requires training and expertise. As echocardiography has grown into a fairly sophisticated and somewhat complicated examination, the period of training required to become competent in its performance is lengthening. Ten to fifteen years ago one could probably learn all that there was to know about echocardiography in a few weeks. Now it is doubtful that one could accomplish this task in a few months.
The American Society of Echocardiography has devised guidelines for training both physicians and technicians in echocardiography. These guidelines are not an obstacle to the physician who is still in formal training and wishes to become proficient in echocardiography. He or she merely needs to make certain that the training institution can provide the educational requirements. However. there are problems for the physician who is already in practice and now wishes to become proficient in performing and interpreting echocardiograms. Ideally this person should interrupt his or her practice or medical career to spend time at an institution that will give personalized instruction in echocardiography. Unfortunately, this approach is not very practical. It is difficult for physicians to leave a practice for any significant length of time. In addition, relatively few institutions will provide the necessary instruction. In fact. physicians in practice usually take a short postgraduate course in echocardiography or visit a laboratory for a few days and then immediately begin examining patients. Those who are conscientious and serious about the examination will take 6 months to a year practicing their newly learned techniques and checking their results with other available tests to improve their competence in the examination. Once confident that they are proficient, they work with a technologist to establish a well working laboratory. Unfortunately, this approach is probably the exception rather than the rule. Because physicians are more involved in echocardiographic interpretation than in the actual examination, it is doubtful that many of them will take the time to learn to perform it proficiently. They will merely hire, as soon as possible, a technician who will essentially run the laboratory.
With the obvious diversity in training and experience among physicians and technicians working with echocardiography, and with the lack of any available means of demonstrating a person's proficiency with the examination, it is no wonder that the quality of echocardiography varies dramatically . The more knowledgeable a physician is about echocardiogr aphy , the more likely he or she will be able to judge the quality of the echocardiograph y being performed on his or her patients .
Technical problems. The techni cal limitations not only have created an educational problem for echoca rdiography , but also have created a situation whereby some patients are difficult to examine echocardiographically . irrespe ctive of the experti se of the examiner. Fortunately . because both the equ ipment and the skill of the examiners are impro ving. the number of patients who cannot be examined echocard iographica lly is becoming very small. Even patients with coronary artery disease , barrel chest and emphysema can be studied ; techniques have been devi sed for gaining clinically useful information in almost all of these patients. Naturally. the quality of the study will still vary. In some patients, we may be able to answer the clinical question even though the quality of the image may not be very good . In others. we may be able to make the qualitative diagnosis. but the image may not be adequate to make a quantit ative diagno sis. Thu s, although our techniques and instruments are improving. there are still technical limitations in the qu ality of the record ing in individual patients .
The limitations of echocardiograph y have been emph asized from its inception and must be appreciated by all who wish to utiliz e it. However. all tests have specific limitation s, and tho se of echocardiograph y are not necessarily greater than tho se of any other cardiologic exa mination. One must be aware of the specific limitations of tests ju st as one must know the side effects of dru gs.
Future of Echocardiography
Some of the anticipated development s in echocardiography are exciting, and the overall futur e of the technique is very bright. Continued growth in the use of the ultrasonic examin ation is assured, even if no techn ologic breakthroughs are developed. As the instrument s becom e smaller and less expensive . more of them will be located in physician s' offices. As more clinicians reco gni ze the usefulness of echocardi ography in patients with acute or suspected acute myocardial infarction . one can antic ipate dedicated units in coronary care units and even emergency room s. It is not inconceivable that in the near future coronary care unit nurses may be taught how to obtain echocardiogram s so that they can perform the examination, especially in patients with a recurrent ches t pain syndrome .
Exercise echocardiography. Echocardiography has been less often used than nuclear ca rdiology for quantitation and stress testin g. With recent developments in both instrum entat ion and examination techniques . echocardiography is making great strides in both areas. Although it is still quite difficult to obtain satisfactory ec hocardiograms in the exercising subject. several inve stig ators (31 .32) have noted that it is possible to obt ain high quality echocardiograms in the immediate poste xercise peri od in almo st all patients. Thi s findin g mean s that patient s can be given a standard treadm ill exercise test that is preceded and followed immediately by a two-dimensional echocardiographic examination to detect any changes in regional wall motion . Thi s development should have many practical advantages . First . there should be some cost saving because echocardiography is less expensive than nuclear studies . Second. so me area s of the heart are examined better with echo cardiography than with isotope techniques. Th e ultrasonic examination permits beat to beat images of man y cardiac cycles from multipl e view s using inherently better resolution (33) . Last. as ech ocardiographic equipment starts to move into the physician ' s office where a treadmill alread y exists, the combination of the two examinations is a logic al next step.
Quantitation of measurements. Although M-mode echoca rdiog raphy has been a quantit ative examination since investiga tors first mea sured the mitral valve E to F slope . quant itation of two-dimension al ec hocardiogr aphy evolved more slo wly . The dela y occurred partly because of the difficulty in mea surin g inform ation presented in a videotape format. With the advent of newer video tape and video disk recorder s , the handling of data on videotape is becomin g eas ier. Electronic calipers are now makin g mea surements convenient. Examination s are becom ing more standardized so that reproducibility can be acceptable for variou s measure ments. As the explosion in techn ology in the videotape and computer fields continues. one ca n anticipate significant improvement in the abilit y to qu antitate and analyze the ultrasonic examination obtained in a video format.
Improvements in instrumentation. There is every reason to believe that many more improvements in instrumentation will come. The marketplace is encouraging mor e companies to use their ingenuity to develop better instrument s. The signal to noise ratio is already significantly better . Man y of the technical problems in patients with more difficult conditions are bein g solved with better instruments and better tran sducer de sign . Digital processing of the ultrason ic image is already bein g done by seve ral commercial co mpanies . Improved gray sca le is also a part of many of the newer instrument s. With bette r signal to noise ratios and better penetration we are able to use tran sducers with higher frequ encies, which inherentl y have better resolution. In the ea rly days of echocardiograph y a 2 to 2 .25 MHz tran sducer was the standard frequ ency for adult patient s , and on occas ion eve n a 1.75 MHz tran sduc er was necessary to penetrate the chest. Most commercia l echocardiographs now use 3 to 3.5 MHz tran sducers for the standard adult exa mination.
Invasive echocardiography. Echocardiography need not be solely a noninvasive examination . Several investi gators (34 ,35) have experimented with intraesophageal echocardiogr aphic techniques. Tran sducers can easily be placed on J AM cou, CARDIOl 1983:1:216--24 FEIGENBAUM esophageal catheters or on endoscopic instruments. This approach to examining the heart ultrasonically has some advantages because there is no interference by the chest wall structures. Such an examination could prove most useful in the intraoperative or postoperative patient (36, 37) or during exercise. Direct ultrasonic examination at the time of surgery will undoubtedly be performed with increasing frequency. Preliminary reports (38) of using an ultrasonic probe directly on the surface of the heart during surgery have already been made. Excellent images of the coronary arteries are possible with this technique. By utilizing a very high frequency transducer, one can obtain sufficient detail to result in an almost histologic diagnosis. This surgical approach could prove ideal for exploring abnormalities within coronary vessels before bypass grafting is performed. One could also use the ultrasonic transducer to explore the heart before or after surgical correction of a valvular or congenital abnormality. In another invasive approach, one could place the transducer on a catheter (39, 40) . Again, one could use a very high frequency transducer and obtain a recording that is of almost histologic value.
Echocardiography for tissue diagnoses. The use of ultrasound to make tissue diagnoses has been studied for many years (41) . There are many theoretical reasons why ultrasound is appropriate to provide this type of information. Clinical echocardiography is already used for some tissue identification. Calcified structures are readily identified using echocardiography. Fibrosis is easily differentiated from normal cardiac tissue. Scarred myocardium secondary to myocardial infarction has a different appearance from that of nonscarred but ischemic muscle (42) . Preliminary observations indicate that certain forms of cardiomyopathy, hypertrophic or infiltrative, may produce a characteristic stippled appearance of the myocardium (Fig. 5) (43-45) . Many animal studies (46, 47) have demonstrated reproducible acoustic changes with myocardial infarction. Conversion of the gray scale image to color has been performed and is commercially available (48) . The color enhances the differences in the returning echoes and permits better identification of tissue types. All of these findings support the possibility of using echocardiography for tissue identification.
Three-dimensional echocardiography. Echocardiography started with the M-mode technique, which is basically a one-dimensional examination, the second dimension being time. Advances were made with the introduction of twodimensional echocardiography. A logical next step would be the development of three-dimensional echocardiography. Many approaches for creating three-dimensional echocardiography have been proposed (49) (50) (51) . All of the techniques to date have utilized composite two-dimensional echocardiograms whereby the position of the transducer in space is known and the various two-dimensional images are reconstructed. This approach is now fairly tedious and complicated. With advances in computer technology and analysis of individual echocardiographic tomograms, this technique may develop dramatically. There is at least a theoretical possibility that one could obtain a real-time three-dimensional echocardiogram. Such an approach would have many technical difficulties in obtaining and recording the data and in displaying the real-time three-dimensional image. However, there are no theoretical limitations to this type of examination and the resultant cardiac images could be spectacular.
Doppler echocardiography. There is every reason to expect continuing advances in Doppler echocardiography (52) . The introduction of the fast Fourier transform analysis has become a major advance in analysis of the Doppler signal. The combination of the Doppler technique with twodimensional echocardiography has also improved the prospect of quantitating the flow within the heart and great vessels (53) . Multigate Doppler recording provides an opportunity to actually map blood flow within the heart superimposed on an M-mode or two-dimensional image (54) . Preliminary data indicate that this approach is a useful way of recording Doppler signal information in patients with a cardiac shunt (55) .
Contrast echocardiography. This is another exciting technique that holds great promise. The method utilizes an intravascular injection of a liquid containing tiny microbubbles that in turn produce a cloud of echoes on the echocardiogram. Almost any liquid contains suspended microbubbles and will produce such an effect when injected. Initially this technique was used to help identify the various intracardiac structures and resultant echoes (56) . Since then, it has been most useful in detecting right to left shunts (57) . It has also been valuable in identifying tricuspid regurgitation (58) and, to a lesser degree, left to right shunts (59) . Some investigators have used contrast echocardiography in the cardiac catheterization laboratory to obviate the need for cineangiography, especially in the young, critically ill patient (60) .
The contrast agents used most frequently are saline solution or indocyanine green dye. The latter substance has a very low surface tension so that small bubbles stay suspended longer. New contrast agents have been introduced. Manufactured bubbles using either gelatin or saccharide have been used experimentally (61) . These contrast agents are extremely echogenic and have many potential applications. One advantage is that the number of bubbles introduced is known, presenting the prospect of using contrast echocardiography in a more quantitative fashion. In addition, the quality of the contrast studies is more uniform and the examinations are of better quality. Injection of the new contrast agents in the root of the aorta or in the coronary arteries can yield excellent images of the myocardium and provides a means of assessing myocardial perfusion (62) . There has been interest in the use of hydrogen peroxide as a contrastproducing agent. The substance was first used for this pur- cle of a dog before (A) and after (8) injection of hydrogen peroxide in the foot of the aorta. After the contrast injection, the left ventricular myocardium is filled with contrast-producing microbubbles allowing for an excellent assessment of myocardial perfusion.
pose by the Chinese (63) and more recently by investigators in the United States (64), Figure 6 demonstrates the contrast effect from an injection of hydrogen peroxide in the root of the aorta of a dog, This technique produces excellent visualization of myocardial perfusion.
There will undoubtedly be further research on various types of contrast-producing agents, Although there have been a few isolated reports showing contrast bubbles traversing the pulmonary vasculature (65, 66) . almost all of the substances described thus far do not pass through capillaries. The microbubbles are not small enough to traverse the capillaries, There are some theoretical ways by which one could produce contrast bubbles on the left side of the heart with a peripheral venous injection, but these techniques have yet to be demonstrated.
